Gradients in the concentrations of free phosphate (Pi) and calcium (Ca) exist in fully developed growth zones of long bones and ribs, with the highest concentrations closest to the site of mineralization. As high concentrations of Pi and Ca induce chondrocyte maturation and apoptosis, it has been hypothesized that Ca and Pi drive chondrocyte differentiation in growth plates. This study aimed to determine whether gradients in the important spectral elements phosphorus (P), Ca and sulphur (S) are already present in early stages of development, or whether they gradually develop with maturation of the growth zone. We quantified the concentration profiles of Ca, P, S, chloride and potassium at four different stages of early development of the distal growth plates of the porcine femurs, using particle-induced X-ray emission and forward-and backward-scattering spectrometry with a nuclear microprobe. A Ca concentration gradient towards the mineralized area and a stepwise increase in S was found to develop slowly with tissue maturation. The increase in S co-localizes with the onset of proliferation. A P gradient was not detected in the earliest developmental stages. High Ca levels, which may induce chondrocyte maturation, are present near the mineralization front. As total P concentrations do not correspond with former free Pi measurements, we hypothesize that the increase of free Pi towards the bone-forming site results from enzymatic cleavage of bound phosphate.
Introduction
All longitudinal growth of long bones occurs in growth plates or at the growth fronts in the cartilaginous proximal and distal parts of the anlagen in fetal bones.
Depending on the tissue under consideration, the majority of total longitudinal growth is due to cell hypertrophy (44-59% in 28-day-old rats), while the rest is due to matrix synthesis (28 -40%) and proliferation (7-9%) (Wilsman et al. 1996) . Although these proportions vary with species and animal age (Hunziker & Schenk, 1989) , hypertrophy is generally considered to be the dominant factor in bone lengthening.
Numerous factors are known to be involved in chondrocyte maturation and hypertrophy. These include many proteins that control cell differentiation directly (see reviews by Kronenberg, 2003; Lefebvre & Smits, 2005) as well as factors that have an indirect effect via changes to the extracellular matrix. With regard to the latter, the stiffness of growth plate tissue is known to change with height (Fujii et al. 2000; Radhakrishnan et al. 2004) . This is the result of changes in swelling pressure associated with the constitution of proteoglycans (Gakunga et al. 2000) , which changes over the matrix metalloproteinases (MMPs), expressed by hypertrophic chondrocytes in growth plates and early osteoarthritic cartilage (der Mark et al. 1992; Kirsch et al. 2000; Wu et al. 2002a; Ortega et al. 2004; Tchetina et al. 2005) .
One way to induce terminal chondrocyte maturation and subsequent matrix mineralization is by exposing growth plate chondrocytes to high concentrations of inorganic phosphate (Pi) (Alini et al. 1994; Mansfield et al. 1999 Mansfield et al. , 2001 Magne et al. 2003; Cecil et al. 2005 ).
Pi uptake is mediated by sodium-dependent phosphate co-transporters present in growth plate chondrocytes (Wada et al. 2004; Wu et al. 2002b ).
High concentrations of extracellular calcium (Ca) induce chondrocyte maturation in vitro (Bonen & Schmid, 1991) by enhancing the uptake of Pi (Mansfield et al. 2003) and by up-regulating the expression of several differentiation markers such as collagen type X, parathyroid hormone-related peptide (PTHrP) and matrix metalloproteinase-13 (MMP13) (Zuscik et al. 2002; Wu et al. 2004; Burton et al. 2005 ).
The findings that Pi and Ca lead directly and indirectly to chondrocyte maturation are especially relevant as Ca (Wroblewski, 1987; Mwale et al. 2002) , Pi (Mwale et al. 2002) and phosphorus (P) (Wroblewski, 1987) gradients are known to exist in growth plates, with concentrations increasing towards the bone. It has been postulated that these gradients arise via diffusion from the remodelling of mineralized cartilage into mature bone. This leads to the tempting hypothesis that bone turnover stimulates ongoing cartilage mineralization.
However, if bone turnover is responsible for the existence of these Pi and Ca gradients, these gradients are unlikely to exist in the matrix before the first turnover of bone is present. If this is correct, Ca and P gradients are likely to develop with maturation of the growth zone.
The aim of this study was to assess quantitatively the hypothesis that gradients in Ca and P develop in the course of time, depending on the developmental stage of a long bone. Therefore, distributions of total Ca and P are determined at different stages of development of a growth plate. Additionally, the total amount of sulphur (S) is determined as a measure of the distribution of charged sulphated matrix components.
Quantifying changes in these concentrations as a function of developmental stage is new. Also, quantitative concentration profiles of these elements are obtained at high spatial resolution using particle-induced X-ray emission (PIXE) measurements and forward and backward scattering spectrometry with a nuclear microprobe.
The aforementioned studies used spot measurements (Wroblewski, 1987) or low-resolution profiles (Mwale et al. 2002) .
Materials and methods
The distribution of tissue elements was measured in a nuclear microprobe experiment. In this experiment a beam of high energy (typically several MeV) ions was scanned over a thin sample. The beam was focused on a small spot (a few square micrometres in size). From the interaction of the ions with the sample information was obtained from each position where the beam hits the sample. This resulted in a two-dimensional map of the elemental distribution. Ion beam analysis techniques are based on the interaction processes of highly energetic projectiles with matter ( Fig. 1) . If a thin sample is irradiated by a high-energy ion beam, the vast majority of ions travel through the sample while losing a small part of their energy. A fraction of the ions interact with the atoms in the sample in three ways: they can scatter from their original direction in backward or forward direction, or they can induce the emission of an X-ray photon (PIXE). These interactions are explained in more detail below.
PIXE is a very sensitive technique for the quantitative detection of elements with an atomic mass above 20, These films were selected and tested for fragments of glass or dust with light transmission and reflection microscopy. Subsequently, they were dried in a vacuum desiccator to avoid dust contamination, where they are kept until use.
After transferring the histological sections to the Formvar foils, the sections were kept at − 20 ° C for 1 h to dry without melting before storing them in a vacuum desiccator until analysis. The vacuum desiccation prevented re-absorption of moisture from the air and reduced the amount of water contained in the sections even further.
As an illustration of the data obtained from this measurement, raw data from a section that contains some characteristic structures is shown in Fig. 2 . A blood vessel, a circular irregularity due to sample preparation and a part of the section that was acciden- Hence, neglecting the local tissue density may introduce non-existent spatial concentration gradients.
Finally, the two-dimensional mappings of the concentrations (mg g − 1 dw) were averaged in the medio-lateral direction. This is permitted because in this direction the concentrations are assumed to be equal, as can also be derived from the mappings shown in the example (Fig. 2) . These averaged data were used for further evaluation.
Results
The average concentrations of Ca, P, S, K and Cl as a function of distance from the primary ossification centre were determined for all four samples (Fig. 3) . The locations at the end (Fig. 3A-D ) and the beginning (Fig. 3D ) where Ca and P increase several-fold indicate the transition between growth plate and mineralized tissue. The graphs show that a gradient in the calcium profile
is not yet present in the youngest animal (Fig. 3A) , but that this becomes more apparent when the age of the animal increases (Fig. 3B,C) . In the oldest growth plate the gradient runs in both directions (Fig. 3D) . None of the samples shows a gradient in P.
The distribution of K follows that for S in all cases. As for Ca, a distinct distribution arises for S and K with Fig. 2 Example of a raw data set, which contains some characteristics that can be used for orientation. These markers can clearly be traced in all raw images, illustrating the accuracy of the method. Note that such biasing aspects are not present in the actual measurements. Images are marked with the name of the element that is plotted. The image indicated with CNO contains the sum of all detected elements C, N and O. From blue to yellow, the amounts of detected elements increase. The bottom right image shows the unstained sample on Formvar foil. Fig. 3 Concentration profiles of Ca, K, Cl, S and P (mg g −1 dry weight) of the samples (A to D correspond to femurs A to D in Fig. 1 ). These concentrations are obtained after correction for the local tissue density using H, C, N and O. The Ca and P concentrations are scaled such that the gradients in the growth plate become visible. As a result, the peak values in the bone are not visible. Distinct gradients in Ca, K, Cl and S slowly develop with maturation of the growth plate from sample A to D. They are most clearly visible in sample C. Owing to the presence of the secondary ossification centre at the left side in sample D, gradients develop in both directions. maturation of the growth zone. When the primary ossification centre has fully developed (Fig. 3C) , a peculiar step-wise increase in the concentrations of K and S is present at the transition between resting zone and proliferative zone, which is at a distance of approximately 450 µ m from the ossification front. Interestingly, the step-wise gradient in S develops because its concentration decreases with maturation in the reserve zone, while it remains at the same level in the more active proliferative and hypertrophic zones. In the oldest animal, S and K increase towards both sides (Fig. 3D) . The concentration profile of Cl resembles that of S in the youngest animals (Fig. 3A,B) , but then develops into a distinct pattern characterized by a steep rise in concentration in the hypertrophic zones (Fig. 3C,D) .
To enable quantitative comparison of element concentrations between zones in the developing bones, averaged values for the resting zone and the differentiating part of the tissue were computed (Fig. 4) . All values are averages over the regions between 350-550 µ m and 650-950 µ m, respectively (location can be identified on the x -axis in Fig. 3 ). The only exception is for the concentrations of CI and K in the hypertrophic zones in animals C and D. Because these elements develop steep gradients towards the mineralized area (Fig. 8C,D) , they are averaged over 105 -107 µ m (animal C) and 98 -100 µ m (animal D). Interestingly, with maturation of the bone the concentrations of these elements tended to decrease in the resting zone, whereas they remained rather constant with age in the rest of the tissue (Fig. 4) .
Discussion
Concentration profiles of Ca, P, S, Cl and K were obtained The average concentration of Ca in a developed growth zone (femur C) is 1.75 ± 0.21 mg g − 1 dw in the resting zone and gradually increases to 2.9 ± 0.4 mg g − 1 dw in the hypertrophic zone (Fig. 4) . Ca concentration shows a steeper profile in the terminal hypertrophic zone, increasing from 2.9 ± 0.4 to 4.6 mg g − 1 dw within the last 60 µ m prior to calcification (Fig. 3C ). Using scanning transmission electron microscopy (STEM) it was found that the concentration of Ca increased from 2.0 mg g − 1 dw in the resting zone to 3.1 mg g − 1 dw in the proliferative and 3.9 mg g − 1 dw in the hypertrophic zone of rat rib growth plates (Wroblewski, 1987) .
This concurs quantitatively with our data. Note that the steep gradient in Ca concentration in the late hypertrophic zone could not be detected in the experiment by Wroblewski (1987) . A similar gradient in free Ca concentration was found by Mwale et al. (2002) .
Unfortunately, quantitative comparison is impossible because the latter data are based on wet tissue weight. Once a secondary ossification centre has developed, the average concentration of Ca throughout the growth plate increases from 2.2 ± 0.6 mg g − 1 dw (femur C) to 4.8 ± 0.9 mg g − 1 dw (femur D) (Fig. 4) . As for femur C (Fig. 3C) There is a mismatch in P and S concentrations between the present measurements and those of Wroblewski (1987) . In our measurements, the average P concentration in the resting zone of the growth plate in animal C was 2.4 ± 0.3 mg g − 1 dw and 2.5 ± 0.3 mg g − 1 dw in the differentiating tissue. No P concentration gradient is apparent ( Figs 3C and 4) . From the resting zone to the hypertrophic zone, Wroblewski found an increase from 2.2 to 4.0 mg g − 1 dw in the matrix and from 20.5 to 28.6 mg g − 1 dw in the cells. The most developed sample in the present study shows the onset of a P gradient, suggesting a P gradient may develop at a later stage of development (Fig. 3D) .
Interestingly, free Pi increases five-fold from the early proliferative to the late hypertrophic zone (Mwale et al. 2002) , whereas the P concentration does not change (Fig. 3C) or shows a significantly less than five-fold increase ( Fig. 3D and Wroblewski, 1987) .
Assuming that P is predominantly present as phosphate, we hypothesize that sufficient phosphate is present throughout the growth plate, but that the ratio of unbound/bound phosphate increases towards the zone of calcification. The activity of dephosphorylating enzymes such as alkaline phosphatase, abundantly expressed by hypertrophic chondrocytes (Fig. 5) , is required for increasing the free Pi concentration in the tissue. This indicates that diffusion from the ossified area into the growth plate is probably not as effective for Pi as it is for Ca. It would be interesting to study this hypothesis using a method that can distinguish In conclusion, we confirm earlier findings that a Ca concentration gradient towards the mineralized area exists. This gradient is thought to be important for chondrocyte maturation and is likely to result from a diffusive process. In addition, we show for the first time the development of this gradient with tissue maturation. We have not detected a P gradient during the early developmental stages when other gradients are already present. This suggests to us that the increase of free Pi towards the bone-forming site (Mwale et al. 2002) results from an enzymatic controlled transition of phosphate from a bound to an unbound state, rather than being the result of diffusion. Finally, the onset of proliferation is co-localized with a step-wise increase in S, which clearly develops over time with tissue maturation. 
